Abstract. Barriers to gene flow between Pacific and Atlantic coast populations of Anopheles albimanus were reported in an earlier study of variation in the intergenic spacer of the nuclear ribosomal DNA. We examined the distribution of mitochondrial DNA haplotypes among A. albimanus populations to test for gene flow barriers with an independent genetic marker. A region of the NADH dehydrogenase subunit 5 gene was amplified by the polymerase chain reaction (PCR) in 1,105 mosquitoes collected from 16 locations in Guatemala and in single collections from Mexico, Honduras, Nicaragua, Costa Rica, Panama, Colombia, and Venezuela. The PCR products were tested for variation using single strand conformation polymorphism analysis and 45 haplotypes were detected. Haplotype frequencies did not vary between coasts in Guatemala. Populations within ϳ200 km of one another were panmictic. However, at distances Ͼ 200 km, F ST and geographic distances were correlated suggesting that populations are isolated by distance.
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Anopheles albimanus is one of the major vectors of malaria in Central America, the Caribbean, and coastal regions of northern South America. It feeds more readily on animals than humans, [1] [2] [3] and is generally exophilic in host-seeking and feeding behavior. [4] [5] [6] Sporozoite rates are generally low, with the greatest reported rate at only 1.6% (1 of 63). 7 However, these behavioral characteristics and vector competence estimates vary greatly among A. albimanus populations. 8 We have been testing for the presence of cryptic species within A. albimanus because of the strong historical precedence for the existence of cryptic, isomorphic Anopheles species.
In an earlier study of Guatemalan A. albimanus populations, we observed a high degree of variation both in the frequency and copy number of intergenic spacer (IGS) length variants among individual A. albimanus. 9 Regardless of the collection site, most of the variation either in frequency or intensity of IGS variants was detected among mosquitoes within a population. The next largest component of genetic differentiation was detected between populations on the Pacific and Atlantic coasts of Central America. In contrast, populations from the Atlantic coast of Central America and from South America had similar IGS patterns. We suggested that the many mountain ranges that run through northern Central America could form barriers to gene flow among Atlantic and Pacific coast populations. However, extreme local variation in rDNA IGS has been found in many population studies of other insect species and is consistent with a model whereby molecular drive rapidly gives rise to unique spacer patterns in populations and then drives them to high frequencies. [10] [11] [12] [13] In the case of A. albimanus, molecular drive probably occurs through unequal crossing-over and gene conversion within and among the 100-basepair (bp) repeat units constituting the IGS. 14 In the present paper, we test the inferences arising from our earlier rDNA study using an independent marker: variation in the mitochondrial genome (mtDNA). This type of DNA is maternally inherited and does not recombine. 15 When sequence data are collected, these properties allow for phylogenetic analysis of maternal lineages. In addition, patterns of variation in mtDNA haplotype frequencies can be used to estimate rates of gene flow among populations. For these reasons, mitochondrial DNA has been used in studies of gene flow and phylogenetic relationships among and within the four species of the A. quadrimaculatus complex, 16 among populations of A. aquasalis, A. rangeli, A. trinkae, and A. nuneztovari, [17] [18] [19] and among and within the African malaria vectors A. gambiae and A. arabiensis. [20] [21] [22] Following earlier studies of mitochondrial DNA in our laboratory, 23 we used single strand conformation polymorphism (SSCP) analysis 24 as a quick, sensitive, and inexpensive means to screen for variation among mitochondrial genes amplified from individual mosquitoes. We then sequence the most common haplotypes to test the sensitivity and reproducibility of the SSCP technique and to gather data with which to assess phylogenetic relationships among haplotypes. We examine patterns of gene flow between northern (Atlantic) and southern (Pacific) populations of A. albimanus in Guatemala and among single populations from Mexico, Honduras, Nicaragua, Costa Rica, Panama, Colombia, and Venezuela. As in our earlier survey, mosquitoes were sampled in a nested spatial design with frequencies partitioned among individuals within a sample, among samples in a region, among regions distributed in either the northern or southern parts of Guatemala, and among South and Central American countries.
MATERIALS AND METHODS
Mosquito collections. The locations, sample sizes, and collectors at each site are listed in Table 1 . Mosquitoes were collected in cattle corrals and brought live to the laboratory in cardboard cartons. There they were killed by freezing, identified to species, 25 and DNA was extracted. Mosquitoes that were not used immediately for DNA extraction were stored in 70% ethanol for later use. The geographic locations of all sampling sites are shown in Figure 1 .
Extraction of DNA. The DNA was extracted from mosquitoes using a protocol provided by Dr. Patricia Romans (University of Toronto, Toronto, Ontario, Canada). Mosquitoes were placed individually in 1.5-ml tubes and 25 l of grinding buffer (0.1 M NaCl, 0.2 M sucrose, 0.1 M TrisHCl, 0.05 M EDTA, and 0.5% sodium dodecyl sulfate [SDS], pH of the entire mixture adjusted to 9.2) was added. The mosquito was homogenized with a Kontes pestle (Kimble/Kontes, Vineland, NJ) and the pestle was washed with an additional 25 l of grinding buffer. The contents of each tube were briefly centrifuged and heated in a water bath at 65ЊC for 30 min. As tubes were removed from the bath, 7 l of 8 M potassium acetate were added, the tubes were mixed by tapping and placed on ice for 30 min. Each tube was centrifuged at 17,000 ϫ g for 15 min to pellet debris and precipitated SDS. The supernatant was removed to a second 1.5-ml tube and 100 l of 100% ethanol was added to precipitate nucleic acids. This mixture was divided in two tubes, one for use in the present study and the other stored for future use. A 50-l aliquot was centrifuged for 15 min at 17,000 ϫ g and the pellet was washed in 70% ethanol followed by a second wash in 100% ethanol. The pellet was dried at room temperature for 12 hr and resuspended in 100 l of filtered, autoclaved TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0).
Gene amplification with the polymerase chain reaction. The ND5 gene was amplified using primers ND5P1 (5Ј-TWG CSC CTA ATC CKG CTA TA-3Ј) and ND5M2 (5Ј-YTW GGA TGA GAT GGS TTA GG-3Ј) where Y ϭ pyrimidine, R ϭ purine, S ϭ C or G, K ϭ G or T, and W ϭ A or T. Amplification was done in an MJ Research (Watertown, MA) thermocycler in which tubes were heated to 95ЊC for 5 min and held at 80ЊC for 20 min while 1 unit of Taq polymerase was added to each tube. Tubes were then subjected to10 cycles of 92ЊC for 1 min, 48ЊC for 1 min, and 72ЊC for 1.5 min. This was followed by 32 cycles of 92ЊC for 1 min, 54ЊC for 35 sec, and 72ЊC for 1.5 min. This was followed by a final extension at 72ЊC for 7 min.
The amplified regions correspond with nucleotides 7,282-7,671 in A. quadrimaculatus (GenBank #L04272) and nucleotides 7,169-7,558 in A. gambiae (GenBank # L20934). The 16S gene was amplified using primers 16Sbr (5Ј-CCG GTY TGA ACT CAG ATC AYG T-3Ј) and 16Sar (5Ј-CRC CTG TTT AYC AAA AAC AT-3Ј) and amplification proceeded with the same thermal cycling conditions listed above. These correspond with nucleotides 12,784-13,235 in A. quadrimaculatus and nucleotides 12,611-13,058 in A. gambiae.
Acquisition of DNA sequence data. The nucleotide sequences of the 15 ND5 haplotypes most common in Guatemala were sequenced. The 16S gene was amplified and sequenced in the same 15 individuals. Amplified products were sequenced along both strands using double-stranded sequencing with the ABI 3948 Nucleic Acid Synthesis and Purification System (Perkin-Elmer, Norwalk, CT) at Macromolecular Resources at Colorado State University.
Statistical analysis of haplotype frequencies. Variation in haplotype frequencies was examined using the analysis of molecular variance (AMOVA) procedure on Arlequin 1.1. 26 The AMOVA procedure was initially performed on collections across seasons to test for evidence of seasonal changes in haplotype frequencies. This procedure was next used to partition variation among northern, southern, and eastern portions of Guatemala. Lastly, AMOVA partitioned variation among Central and South American countries. The significance of the variance components associated with each level of genetic structure was tested using non-parametric permutation tests. 26 Arlequin 1.1 was also used to compute F ST , a standardized measure of variation in haplotype frequencies, 27 among all populations and between all population pairs.
Pairwise F ST values were transformed to F ST /(1 Ϫ F ST ) and regressed on pairwise geographic distances among populations to determine if geographic distance among populations serves as a barrier to gene flow. 28 Geographic distances were obtained by the Geographic Information System (GIS) using program ATLAS-GIS 3.0 (Environmental Systems Research Institute, Inc., Redlands, CA). The collection sites were located in the map of each location in a department or country using the coordinates of each site. Linear distances were measured between every two sites. Distances were taken from a planimetric map, but altitudes were not considered. This regression was repeated using a natural logarithm transformation of geographic distance. 29 Transformations, regres- sion analyses, and Mantel's test 30 were performed using a FORTRAN program MANTEL (available from William C. Black). The reciprocal of the slope estimated by this regression provides an estimate of the average effective population size. 29 Pairwise transformed F ST values were entered into a distance matrix and subject to cluster analysis using unweighted pair group method using averages (UPGMA) analysis 31 in the NEIGHBOR procedure in PHYLIP3.5C. 32 The 390 bp of the ND5 gene were manually aligned according to codons. No gaps were required to obtain an optimal alignment. The ϳ450 bp of the 16S gene were manually aligned among haplotypes by insertion of 3 gaps to yield an aligned sequence of 454 bp. The aligned ND5 and 16S datasets are available by e-mail at wcb4@lamar. colostate.edu. Phylogenetic relationships among haplotypes were estimated with PAUP4B41 using maximum likelihood, 33 maximum parsimony, and distance/neighbor joining analyses. 34, 35 Analyses of the two genes were initially performed separately. The ND5 and 16S sequences were then appended for each haplotype and the congruence of the datasets was tested using the partition homogeneity test. 36 The individual gene phylogenies were congruent and the homogeneity test confirmed that phylogenies arising from the two genes were not significantly different. The remainder of the analyses was therefore performed on the combined (844 bp) dataset.
For each collection, the nucleotide sequence and the frequency of each haplotype were entered into DnaSP. 37 This analysis could not be completed for all individuals in this study because we only sequenced the 15 most common haplotypes in Guatemala. Nevertheless, 90% (305 of 338), 95% (502 of 528), and 97% (232 of 239) of individuals collected in northern, southern, and eastern Guatemala, respectively, were used. For each collection, we estimated the number of polymorphic sites, the average number of nucleotide differences (k) (equation A3), 38 the nucleotide diversity () (equation 10.5), 39 and the nucleotide diversity with the Jukes and Cantor correction ( 2 ) (equation 10.19 and 5.3) . 39 Between each pair of collections, we estimated the number of polymorphic sites, k, 1 , and the average number of nucleotide substitutions per nucleotide site between populations with the Jukes and Cantor correction (D XY (JC)) (equation 10.20) . 39 Also calculated were the number of net nucleotide substitutions per site between populations with the Jukes and Cantor correction Da (JC) (equation 10.21). 39 Sequence data were used to estimate pair-wise estimates of N ST . 40 As above, pairwise N ST values were transformed to N ST /(1 Ϫ N ST ) and regressed on pairwise geographic distances and on a natural logarithm transformation of geographic distance. 29 
RESULTS
Haplotype frequencies. A total of 45 different ND5 haplotypes were detected among the 1,282 A. albimanus examined in this study. The locations, dates, collectors and sample sizes at each sites are listed in Table 1 . Haplotype frequencies in each collection are available by e-mail at wcb4@lamar.colostate.edu. The relative frequencies of all 45 haplotypes are displayed graphically in Figure 2 . Haplotype number designations correspond to the order in which the haplotypes were discovered. Once all populations were surveyed, all unique haplotypes were compared on a single gel. This established identity among haplotypes that were initially incorrectly identified as unique and occasionally identified unique haplotypes that were initially thought to be identical when run on different gels (these haplotypes are marked with Ј or Љ superscripts). The process of rescreening haplotype variation resulted in the identity of ϳ1% of haplotypes being redesignated in the final dataset. Sequence analysis of the 15 most common haplotypes in Guatemala confirmed that the SSCP technique is sensitive to single substitutions. The SSCP haplotypes 2 and 16 differed by a single A ↔ G transition as did haplotypes 8 and 1, while haplotypes 7 and 31 differed by a single C ↔ T transition. Sequences of two mosquitoes with SSCP haplotype 1 were identical and confirmed the reproducibility of the technique. Identical sequences were also obtained from two mosquitoes with haplotype 2.
Haplotype frequencies are similar among northern (Atlantic), eastern and southern (Pacific) Guatemalan collections ( Figure 2A ). Aside from haplotypes 44 and 6 in Honduras, populations from Mexico, Guatemala, Honduras, and Nicaragua also had similar haplotype frequencies ( Figure 2B ). However, haplotype frequencies shift in collections from Costa Rica and all collections to the south from Panama, Colombia, and Venezuela ( Figure 2C ).
Haplotype frequencies were compared among seasonal collections from the same locations in northern and southern Guatemala collections using AMOVA. In both regions, ϳ99% of the variation in haplotype frequencies arose among individuals in a collection and the remaining variation arose among sites within a season. Negative variation was estimated among seasons indicating that there was more variation among sites within seasons than among seasons. There was no variation in haplotype frequencies between wet and dry season collections in either northern or southern Guatemala. Because haplotypes did not vary among season, all seasonal collections were grouped together by location in all subsequent analyses. Haplotype frequencies were next compared among northern, southern, and eastern regions in Guatemala (Table 2A) . Within Guatemala, 97.5% of the variation in haplotype frequencies arose among individuals in a collection, while only ϳ1% of variation arose among collections in a region and ϳ1.5% of variation arose among regions. These analyses agree with Figure 2A in indicating very little variation among populations from northern, southern, and eastern Guatemala.
Haplotype frequencies were also compared among countries (Table 2B ). Most of the variation in haplotype frequencies (84.5%) arose among individuals in a collection and only ϳ1.5% variation arose among collections in a country. However, almost 14% of the variance in haplotypes arose among countries, indicating (as shown in Figure 2C ) that a substantial proportion of variation occurs among Latin American countries.
Genetic relationships among populations. The F ST was computed between all pairs of populations and transformed as F ST /(1-F ST ). This matrix of pairwise differences between populations was subject to cluster analysis using UPGMA in NEIGHBOR on PHYLIP3.5C ( Figure 3 ). All northern Guatemala populations cluster together but also cluster with the collections from Tallado and Ruperto from southern Guatemala and with the collection from Nicaragua. All southern and eastern Guatemala populations cluster together with the nearby Tapachula, Mexico collection. The collections from Costa Rica cluster together as do the two collections from South America. Panama differs from all populations in the frequencies of several haplotypes ( Figure 2C ).
Pairwise transformed F ST estimates were regressed against geographic distances to test for a pattern of isolation by distance and there was a significant correlation between untransformed geographic distances and F ST ( Figure 4A and Table 3 ). The average F ST between pairs of populations tended to increase with the geographic distances between them. Transformed F ST estimates were also regressed against the natural logarithm of the geographic distance to determine both the geographic distance over which isolation occurs and to estimate the average effective population size. This regression was performed on all collections ( Figure 4B and Table 3 ) and among only Guatemalan collections ( Figure 4C and Table 3 ). In all regression analyses, Mantel's test indicated that the correlation was significantly greater than zero.
Among all collections, F ST did not increase until geographic distances approached 150-250 km (e 5 -e 5.5 ). However, even within Guatemala, the regression between F ST and geographic distance was significant ( Figure 4C and Table 3 ). The average effective population size was 68 individuals among all collections and 227 among collections within Guatemala.
Phylogenetic relationships among haplotypes. The ND5 and 16S sequences of A. albimanus were easily manually aligned with the homologous regions of A. gambiae and A. quadrimaculatus. Phylogenetic analysis did not identify any well-supported clades among A. albimanus haplotypes (Figure 5) . Only two clades (H8/H18 and H7/H31) had slight levels of bootstrap support. These haplotypes were not unique to any region of Guatemala.
A combined analysis of frequencies and nucleotide substitutions (Table 3 ) indicated very slight levels of variation among haplotypes in Guatemala. The results of regression analysis of N ST on transformed and untransformed geographic distances yielded similar estimates to those obtained with F ST (Table 3 ). The similarity of N ST and F ST is not surprising ‡ Probability (random value Յ observed value) ϭ 0.00253 Ϯ 0.00016 (100,172 permutations).
§ Probability (random value Յ observed value) ϭ 0.00000 Ϯ 0.00000 (100,172 permutations). given the slight levels of nucleotide variation among haplotypes.
DISCUSSION
Mitochondrial haplotype frequencies were similar between northern and southern populations of A. albimanus in Guatemala ( Figure 2A and Table 2 ), and F ST values were small among populations from these regions (Table 3) . These results suggest that we overestimated the magnitude of the barriers to gene flow between Atlantic and Pacific populations of A. albimanus in our earlier study of rDNA IGS variation. 9 However, the findings of the present study do not entirely contradict the results of our earlier study. First, it is possible that Atlantic and Pacific populations of A. albimanus are truly isolated and that mitochondrial haplotypes introgress through semi-permeable barriers to hybridization. 41 Anopheles gambiae and A. arabiensis share 8 mitochondrial haplotypes in common and a high proportion of shared polymorphisms. 21 While these are recognized as valid species, fertile female hybrids have been found between these species in nature, albeit very rarely, 42 and there is evidence from different molecular genetic approaches that A. gambiae and A. arabiensis are or recently were undergoing gene exchange through introgressive hybridization. [20] [21] [22] 43, 44 If so, this predicts that we will find similar patterns of reproductive isolation in A. albimanus as those detected in the rDNA study when analyzing single copy nuclear genes or microsatellites.
Those studies are in progress; however, this outcome is highly unlikely because rare hybridization events generate genetic bottlenecks that dramatically change the frequencies of mitochondrial haplotypes. In contrast, mitochondrial haplotypes were extremely similar between northern and southern populations of A. albimanus (Figure 2A) .
A more likely explanation of the difference between this study and the earlier rDNA study is that even slight amounts of reproductive isolation between northern and southern populations detected in the present study would be sufficient to allow for concerted evolution to rapidly drive elements to fixation between regions. Populations in the north and south could acquire unique IGS patterns if molecular drive caused IGS repeats to converge among members of a population more rapidly than gene flow introduced new variants that would disrupt IGS associations. Precisely the same discrepancy appeared in studies with rDNA IGS markers in A. gambiae and Aedes albopictus. Microgeographic variation in rDNA intergenic spacers was found among populations of A. gambiae in western Kenya and inferred limited dispersal among mosquito populations from nearby villages. 45 However, recent studies using mitochondrial markers, 21 microsatellites, 46, 47 and reanalysis of allozyme data 48 all indicate large amounts of gene flow among populations distributed across Africa. Similarly, variation in rDNA IGS was found among A. albopictus collected in nearby locations within cities 11 while gene flow estimates using allozymes markers suggested high rates of gene flow. [49] [50] [51] An isolation by distance model detected in this study sug- gests that gene flow among A. albimanus populations decreases with increasing geographic distances. Clusters of An. albimanus within 200 km of one another appear to exchange genes continuously. However, rates of gene flow decrease among clusters of An. albimanus separated by distances Ͼ 200 km. Furthermore, these changes are not continuous over the geographic range of this study. We observed abrupt changes in mitochondrial haplotype frequencies when comparing samples from Guatemala, Mexico, Honduras, and Nicaragua with those from Costa Rica and Panama ( Figure  2C ). There are no obvious geographic barriers to account for the abrupt disruption of gene flow between northern Central American populations and Costa Rica and Panama populations. More intensive collections should be completed in Costa Rica and Panama to confirm that this is not an artifact of sampling.
Whether measured within Guatemala, or across the entire geographic range of this study, the average effective size of A. albimanus populations appeared quite small. This may reflect a patchy distribution of the species along coastal areas in association with cattle sheds. Generally speaking, A. albimanus is more prevalent during the rainy season. Its numbers are greatly reduced during the dry season and in some areas they seem to disappear completely, only to reappear . Maximum likelihood tree showing phylogenetic relationships among individual haplotypes. Bootstrap support using maximum parsimony analysis appears above each branch while bootstrap support using Tamura-Nei genetic distance/neighbor joining appears below each branch. rapidly when the rain begins. An overall correlation is observed between high and low abundance of A. albimanus in the wet and dry season, respectively.
The breeding structure of A. albimanus populations has also been studied in Colombia using isozymes. 52 Northern populations were 3-4 times more heterozygous than the southern populations and formed a distinct cluster in a dendrogram using genetic distance analysis. These results are consistent with the findings of the present study and suggest that Colombian populations of A. albimanus may also be isolated by distance.
The patterns of gene flow in A. albimanus are quite different from patterns identified in other Anopheles species examined to date. The nucleotide diversity ( 1 ) estimates among mitochondrial haplotypes in A. aquasalis, A. rangeli, A. trinkae, and A. nuneztovari were an order of magnitude larger that those reported here. [17] [18] [19] Furthermore, the nucleotide diversity estimates ( 1 ), variance components, and F ST values among populations of A. nuneztovari were all at least an order of magnitude larger that those reported here. 19 However, despite finding a much higher level of variation among haplotypes and populations, there was no significant correlation between genetic and geographic distances in A. nuneztovari. 19 The nucleotide diversity ( 1 ) estimates within Anopheles gambiae (0.0038) and A. arabiensis (0.0023-0.0051) populations were very similar to those found among A. albimanus (Table 3) . However, despite sampling over greater geographic distances, there was no evidence for isolation by distance among populations in either species. 21 It thus appears that effective migration rates and effective population sizes may be smaller in A. albimanus than in the other Anopheles species examined to date.
